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Enright [(1995). Perception, 24 (suppl.), 32-33; (1996). Vision Research, 36, 307-312] described a 
simple piece of equipment for demonstrating a perceptual mechanism he called sequential 
stereopsis. The equipment requires an observer to set two textured targets seen behind a pair of 
small viewing lmrts to appear equi-distant. The principle upon which the apparatus depends is the 
use of textures whose elements cannot be resolved in peripheral vision at the eccentricity 
determined by the target separation. Enright used a fine sandpaper for this purpose. We have 
conducted two similar experiments using high bandpass filtered textures which eliminate any 
possibility that the low spatial frequency content of sandpaper textures could play a role. Our 
results corroborate Enright's general conclusions on sequential stereopsis, while at the same time 
showing that high-pass textures do not give wholly similar results to sandpaper. © 1997 Elsevier 
Science Ltd 
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INTRODUCTION 
Disparity thresholds ~re lower when observers are 
allowed to alternate g~me between laterally displaced 
targets than when they hold their eyes fixated steadily on 
just one of the targets (Wright, 1951; Ogle, 1956). 
Endght (1991, 1995, 1996) has suggested this may be due 
to a highly sensitive raechanism he calls "sequential 
stereopsis": "the disparity of the original target, as seen 
foveally before the saccade, is compared with that of the 
newly fixated target, as seen immediately after the 
saccade" (Enright, 1996, p. 307). The underlying idea 
is that vergence angle may be maintained over saccades 
with exquisite accuracy, so that fine depth discrimina~ 
tions can be achieved by the visual system detecting 
absolute rather than :relative disparities. The latter 
disparities are usually thought to be detected in what 
Enright refers to as "classical" or "conventional" 
stereopsis and they are the only ones that can operate 
when fixation is held steadily on just one target while the 
relative depth of one or more other targets is being 
judged. If Endght is correct, the reason why observers 
achieve lower disparity dlresholds when they are allowed 
to make gaze shifts is that the sequential stereopsis 
mechanism supports finer disparity thresholds than do 
mechanisms relying solely on relative disparities under 
fixation conditions. 
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FIGURE 1. Schematic plan of the apparatus (not drawn to scale). 
Enright (1996) described a simple apparatus for 
studying sequential stereopsis (Fig. 1). Observers view 
two textured flat surfaces through two associated viewing 
ports. Their task is to set the two textures to appear 
equidistant (i.e., in the same fronto-parallel depth plane). 
They are allowed to shift gaze to and fro between the 
targets when sequential stereopsis i  under investigation, 
whereas in a control condition they have to hold fixation 
on just one target. The elegant and ingenious feature of 
the apparatus i  that if a suitably fine texture is used then 
when the observer is fixating one target the other falls 
below spatial resolution threshold for the peripheral locus 
onto which it projects. Hence, at no stage can both 
textures be simultaneously processed by the visual 
system. The use of suitably fine textures thus renders 
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depth judgements based on relative disparities impossible 
in both sequential and fixation conditions. 
Enright (1996) chose as his fine textures a random-dot 
matrix of tiny points and a piece of fine grain sandpaper. 
He acknowledged that these textures would contain some 
low spatial frequencies that might, in principle, be 
detectable in the periphery, and hence allow a possible 
role for relative disparity mechanisms. Nevertheless, he 
concluded that it was unlikely that those components 
made a significant contribution in practice to the 
exquisitely fine depth judgements observed under the 
sequential stereopsis paradigm compared with the control 
fixation condition. In the first experiment reported here, 
we tested whether low spatial frequencies may have 
made a contribution by comparing sequential stereopsis 
thresholds for sandpaper and a high-pass filtered random 
texture (Fig. 2). In a second follow-up experiment, 
sequential stereopsis thresholds were measured for a 
range of filtered textures that varied in their high-pass 
cut-off requencies. 
METHODS 
Observers 
Three observers took part, aged between 21 and 29 
years. All were emmetropes and all scored 20 sec arc on 
the Titmus Randot stereotest. One, L.M., was naive to the 
experimental question; the other two were not (one being 
author, C.C.). 
Apparatus 
The apparatus (Fig. 1) was closely modelled on that 
used by Endght (1996). Differences, which we judged to 
be immaterial for our purposes, are summarized in the 
Appendix. A bite board was positioned at one end of two 
optical benches, one positioned in front of each eye. A 
black-painted viewing port was mounted on the right- 
hand bench 40 cm in front of the observer' s right eye. A 
similar port was mounted on the left-hand bench at a 
distance of 40.4 cm. Behind each port was a target 
comprising a printed texture clamped to an optical bench 
mounting. From the observer's viewing position only the 
textures of the targets were visible through the viewing 
ports, with a black card surround shielding all other parts 
of the apparatus. The right-hand target could be shifted to 
and fro in depth along the optical bench by the observer 
turning a knob which engaged a gear track mechanism 
connected to the mount of the fight-hand target. One 
revolution of this knob corresponded to 25 mm move- 
ment along the track. The two targets were equally 
illuminated with a strip light and a desk-top light that 
together created an illumination level similar to normal 
room lighting. Care was taken to avoid shadows or 
reflections on the targets, and their illumination level did 
not appear to differ as the moveable target was shifted in 
position over the range allowed, thereby reducing the 
likelihood of that possible monocular cue to distance 
playing a significant role: 
The midpoint between the two ports was aligned to 
FIGURE 2. Stimulus textures. (a) Unfiltered random fractal texture 
with multiple grey levels. (b)-(e) High pass filtered versions of (a) with 
cut-off frequencies at 2, 4, 8 and 16 c/deg, respectively. These textures 
are only indicative of those actually used, as the journal printing 
process will not accurately preserve the contrasts u ed. 
correspond to the midpoint between the observer's eyes. 
The left port was set 4 mm farther away from the 
observer than the right so that a check could be made as to 
whether observers were making target-to-eye distance 
judgements, as required, rather than target-to-port judge- 
ments. No evidence merged to suggest that they did the 
latter. The viewing ports were rectangular apertures of 
size 40 mm horizontally and 28 mm vertically cut into 
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4 mm thick opaque plastic. They were aligned horizon- 
tally and their nearest edges were separated by 39 mm, as 
were Enfight's circular and smaller ports (the reasons for 
our choosing somewhat different ports are described in 
the Appendix). He noted that the separation between the 
centres of his ports, whose diameters were 28 mm, would 
entail horizontal saccades of about 9 deg. For our ports, 
with their larger horizontal dimensions, the equivalent 
figure is about 11 deg but, of course, in both cases 
observers could utilize smaller saccades if they trans- 
ferred their gaze between the central edges of binocularly 
fused texture, rather than between the centres of the ports. 
For our set-up, the region of binocular overlap between 
the target extures when fixation was held in the plane of 
the targets was about 30 mm, both horizontally and 
vertically. Hence, if art observer transferred fixations 
between the nearest regions of binocularly fused textures 
in the two ports then a horizontal saccade of about 
6-7 deg would be required. 
The left target was held stationary behind the left 
viewing port at one of l~hree positions, these being 52.5, 
55.0 and 57.5 cm from the observer's eyes. The eye 
positions of each observer were measured separately to 
take account of inter-observer differences in where the 
eyes were located once head position was fixed with the 
bite bar. The right-hand moveable target could be shifted 
through a range of 10 cm corresponding to 49-59 cm 
from the observer's eye:s. The observer's task was to set 
the moveable target o appear in the same depth plane as 
the stationary target. 
This simple appara~:us potentially provides some 
monocular and/or tactile cues to the relative depths of 
the targets, as noted by Enright. These include possible 
variations in illumination with depth, matching the 
perceived sizes of texture elements, and subtle tactile 
cues related to the gear wheel control mechanism. 
Enright checked on the role of such cues using a 
"memory" condition, i~a which observers were briefly 
shown the stationary target and then asked to set the 
moveable target to equi-distance when the stationary 
target was obscured. Instead, we tested the contribution 
of such cues using monocular viewing conditions in 
which both targets were visible but observers wore a 
patch over the left eye, as this seems amore direct check. 
Experimental design, stimuli and procedure 
A two-factor repeated measures design was employed. 
The first independent variable was the patterns used for 
the targets and it had three levels: an unfiltered randomly 
textured pattern [Fig. 2(a)]; the sandpaper used by 
Enright (we used a sample distributed by him at ECVP95; 
Enright, 1995); and a high-pass patial frequency filtered 
version [Fig. 2(e)] of the random texture with cut-off at 
16 c/deg and an RMS contrast of 15% (defined as [RMS 
about mean intensity]/[mean intensity]) We estimated 
that this frequency/ce,ntrast combination would fall 
below resolution threshold at a retinal eccentricity of 
about 6-7 deg (Rovamo et al., 1978; this was convenient 
as 16 c/deg was the upper limit available to us from our 
stimulus printing facilities). This was approximately the 
eccentricity of the nearest patch of binocularly fusable 
texture seen through the left viewing port, when fixation 
was held on the left-most part of the binocularly fused 
region seen through the right viewing port (or vice versa). 
Informal inspection i dicated that the texture of the left- 
hand high-pass target could not be resolved when fixating 
the right-hand target. This conclusion was supported by 
the fact (see later) that performance when using the high- 
pass texture under the fixation condition was as poor as 
that observed in all the monocular control conditions. The 
unfiltered and high-pass textures were created using a 
high quality printer with good lineadty, and care was 
taken to choose acontrast that avoided clipping. The two 
textures used on any given trial were identical print-outs 
but slightly different regions of the sheet of texture were 
selected to be visible behind each port, thus preventing 
observers utilizing a monocular matching cue based on 
aligning the same texture elements at the occlusion 
boundaries formed by the edges of the ports. 
The second independent variable was mode of view- 
ing. These were described to observers orally and with 
written instructions. This factor also had three levels. The 
"sequential stereopsis" condition required observers to 
make their settings while alternating aze to and fro 
between targets. The "fixation" condition required 
observers to hold gaze on the moveable target hrough- 
out, so that the stationary target was seen only in the 
periphery. Any trials in which the subject inadvertently 
shifted gaze to the stationary target were discarded, as in 
Endght (1996). Finally, the "monocular" condition 
required observers to wear a tightly fitting patch over 
the left eye but in all other respects was run as for the 
sequential stereopsis condition (i.e., scanning movements 
between targets were encouraged). The monocular 
condition was included as a control to indicate the level 
of performance that could be achieved from any residual 
non-binocular cues to depth, despite the various precau- 
tions to exclude them. 
The dependent variable was the position of the 
moveable target when set to appear equidistant with the 
stationary target. The moveable target was displaced by 
at least 1 cm, either in front of or behind the stationary 
target prior to each trial. This displacement was made 
while a shutter obscured the observer' s view of the ports 
and while they released their grasp of the adjustment 
knob. Observers made equi-distance s ttings in blocks of 
six. There were two blocks of six for each texture at each 
of the three stationary positions. Thus, 36 settings were 
made for each texture x viewing condition combination. 
The three viewing conditions were run in separate 
sessions, each lasting about 40 min. Within each session, 
stimuli were presented in a different pseudo-random 
order for each subject using the following constraints: the 
same stationary position appeared not more than twice in 
a row, likewise for each texture, and no exact combina- 
tion of texture and starting position was repeated in 
sequence. All three observers aw the three viewing 
conditions in the same order: sequential stereopsis, 
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fixation, monocular. This was the order of increasing 
difficulty and so it gave observers the greatest chance to 
do well in the fixation and monocular control conditions 
which, by coming after sequential stereopsis, stood to 
gain by practice ffects from that easier condition. 
RESULTS 
The raw data were the equi-distance settings. They 
were collected in blocks of six and each block was used to 
calculate adisparity threshold and an absolute percentage 
error of the mean setting from the distance of the 
stationary position from the observer's eyes. The method 
for calculating disparity thresholds was as follows: (a) the 
vergence angles required for fixation of each target were 
estimated for each trial using the observer's inter-ocular 
separation and a correction taking into account hat the 
centre of each viewing port was 5.5 cm from straight- 
ahead: the disparity for each trial was then computed as 
the difference between these two vergence angles; (b) for 
each block of six trials, the standard deviation of the 
disparities was used as a measure of the disparity 
threshold; (c) for each condition, the mean disparity 
threshold was calculated from the thresholds for the six 
blocks of trials used for each condition. Figure 3(a) shows 
the results for the three observers and the group means. 
Figure 3(b) shows the absolute percentage errors. 
DISCUSSION 
The data from the three observers were qualitatively 
similar, with main features as follows: 
1. Group mean sequential stereopsis disparity thresh- 
olds (standard eviations) were 62 sec arc for the 
unfiltered texture and 67 sec arc for the sandpaper. 
These are somewhat higher but of the same order as 
those observed by Enright (he reported thresholds of 
about 45 sec arc). Group mean sequential stereopsis 
disparity thresholds for the high-pass texture were 
considerably greater, at 197 sec arc. 
2. Monocular viewing produced the highest disparity 
thresholds (group means around 740 sec arc), with 
all three textures yielding similar results. Observers 
reported that making monocular settings felt rather 
like guessing and it is unclear on what basis they 
made their judgements. In any event, it is clear that 
whatever monocular and/or tactile cues were 
available, they were insufficient o generate the 
low thresholds found for sequential stereopsis. 
3. The fixation condition reduced performance for all 
three textures but to different extents. Group mean 
disparity thresholds for the unfiltered and sandpaper 
textures more than doubled in comparison with 
those for sequential stereopsis, confirming the 
*We have used absolute errors rather than signed errors because the 
latter can give a misleading impression. For example, an observer 
making large errors ymmetrically around veridical would show a 
signed error of zero, whereas absolute errors would still reflect the 
true extent of the inaccuracies. 
. 
general picture of Enright's results. The key 
observation, however, is that the high-pass texture 
was relatively much more difficult under fixation 
(group mean threshold 610 sec arc), with perfor- 
mance reduced to roughly the same low level as 
observed with monocular viewing. We take this as 
good evidence that the filtering did, indeed, render 
the high-pass texture below resolution threshold for 
the peripheral eccentricity employed. If this con- 
clusion is accepted, then performance with the high- 
pass texture in the sequential stereopsis condition 
can safely be regarded as gaining no contribution 
from mechanisms detecting relative disparities. 
Equally, the fact that fixation did not  reduce 
thresholds for the unfiltered and sandpaper textures 
to monocular levels suggests that perhaps low 
spatial frequencies in the unfiltered and sandpaper 
textures were sufficient to support "classical" 
stereopsis based on relative disparities, albeit at a 
considerably degraded level compared with sequen- 
tial stereopsis (but see later for further discussion). 
The mean absolute percentage rrors* [Fig. 3(b)] 
were under 0.4% for the sequential stereopsis 
condition for the unfiltered and sandpaper textures 
and under 0.7% for the filtered texture. This means 
that settings were, on average, under 2.5 mm (or 
4 mm for the filtered texture) in error from veridical 
for the mean viewing distance of 550 mm for the 
three positions of the stationary target. The absolute 
percentage errors for the monocular conditions were 
much larger--around 4%, which translates to mean 
errors from veridical of about 22 mm. This shows 
how impoverished the monocular cues were to the 
relative distances of targets. Similar poor perfor- 
mance in terms of absolute percentage errors was 
also observed under fixation conditions for the 
bandpass filtered textures, but not for the unfiltered 
and sandpaper textures. This underlines the general 
picture evident from the disparity threshold data 
[Fig. 3(a)] on the effects of fixation for the different 
textures. 
FOLLOW-UP EXPERIMENT 
A further experiment was run about a month after the 
first, in which the same observers made similar equi- 
distance settings but for the sequential stereopsis regime 
only. The same apparatus and general procedures were 
followed but now the sandpaper texture was excluded and 
a range of high-pass filtered textures was used, each 
created with a different cut-off requency (either 2, 4, 8 or 
16 c/deg; Fig. 2), together with the unfiltered texture used 
in the first experiment from which these were derived. 
The three observers aw the various textures in different 
random orders. The objectives were two-fold. First, to 
check findings in the earlier study for the unfiltered and 
the 16 c/deg bandpass textures. Second, to explore the 
characteristics of sequential stereopsis for an intermedi- 
ate range of bandpass cut-off frequencies. 
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The results are shown in Fig. 4. All three observers 
produced isparity-threshold data that were qualitatively 
similar to those already reported for the unfiltered and 
16 c/deg textures, although two observers (N.T. and C.C.) 
showed some quantitatiw~ improvement between Experi- 
ments 1 to 2 for the 16 c/deg stimuli (Fig. 4 re-plots with 
open symbols the sequential stereopsis data shown in Fig. 
3 for those stimuli). The effect of spatial frequency cut- 
off was significant, with Tukey HSD tests on the group 
means howing that thresholds for the 16 c/deg stimulus 
were significantly different from all other conditions 
(P< 0.05 or better). No other comparisons were 
significant, although there is a suggestion that N.T and 
C.C. showed a small de~Ierioration of thresholds for the 
8 c/deg cut-off frequency rather than just raised thresh- 
olds for the 16 c/deg texture, as was clearly the case for 
L.M. The absolute percentage rrors showed a similar 
overall pattern, except hat the performance of all three 
observers now showed eterioration only for the 16 c/deg 
cut-off. 
All three observers produced low disparity thresholds 
and small absolute rrors for the 2, 4 and 8 c/deg cut-off 
textures. This suggests that perhaps some benefit was 
being gained in those cases from "classical" stereopsis 
mechanisms utilizing relative disparities. This interpreta- 
tion implies that the 8 c/deg cut-off texture was above (or 
perhaps close to in the cases of N.T. and C.C. whose 8 c/ 
deg data suggested some deterioration) the limit of spatial 
resolution at the retinal eccentricity of (at least) 6-7 deg 
involved in our sequential stereopsis set-up. 
CONCLUSIONS 
Our first conclusion is that we have corroborated 
Enright's (1995, 1996) key claim regarding the existence 
of a sequential stereopsiis mechanism using stimuli that 
almost certainly preclude any appreciable role for 
"classical" stereopsis from relative disparities. Thus, the 
sequential stereopsis regime produced very low disparity 
thresholds even when relative disparity mechanisms were 
eliminated by the use of the 16 c/deg high-pass timuli. 
Evidence that the 16 c/deg high-pass timuli did indeed 
eliminate relative disparity mechanisms i that perfor- 
mance was equally poo~r for that texture under both the 
fixation and monocular conditions. 
Our second conclusion is that sandpaper-type textures 
may not be entirely safe for the purpose of excluding a 
role for mechanisms detecting relative disparities in 
demonstrations of sequential stereopsis. This is because 
although performance for the sandpaper was degraded in 
the fixation condition, it was not reduced to the low levels 
observed under monocular viewing, as happened for the 
16 c/deg cut-off texture. This fact may reflect a helpful 
role played by relative disparity mechanisms under the 
sequential stereopsis viewing paradigm when using 
sandpaper texture, owing to peripherally detectable low 
spatial frequencies. If so, then the present data indicate 
that when sequential stereopsis is driven as a separate 
~'We are grateful to a referee for making this point. 
mechanism it generates disparity thresholds of about 
3 min of arc (an estimate derived from data for the 16 
c/deg high-pass timuli). It is of interest to note that this 
figure is similar to that found by Endght (1991) using 
points of light rather than the textured surfaces used in 
Enright (1996), for which the equivalent figure is about 
three times lower. Perhaps, therefore, his earlier study 
gave a truer estimate of the capability of sequential 
stereopsis.~" 
There is, however, at least one other interpretation of
why the 16 c/deg high-pass texture was dealt with less 
well under sequential stereopsis than were either the 
unfiltered or the sandpaper textures. Low spatial 
frequency components have often been proposed as 
important for guiding eye movements, and/or for helping 
to solve the stereo correspondence problem. Perhaps 
when gaze is shifted to and fro between high-pass 
textures, the lack of low spatial frequencies adversely 
affects, while not completely destroying, the accurate 
maintenance of vergence angle upon which, Enright has 
suggested, the mechanism of sequential stereopsis relies. 
If so, perhaps the reason why the sandpaper texture 
produced lower thresholds was not so much because its 
low spatial frequency content permitted an appreciable 
role for relative disparity mechanisms but because that 
content somehow helped in the maintenance of iso- 
vergent saccades. 
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APPENDIX 
The main differences between our apparatus and that used by 
Enright (1996) are as follows. In our judgement, they are unimportant 
for our purposes. 
1. Enright used circular ports with diameters of28 mm. We used 
larger ectangular pertures whose size was 28 mm vertically 
x40 mm horizontally. The reason for this choice is that pilot runs 
for high-pass textures showed that he smaller circular apertures 
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used by Enright ended to lead to a species of "stereo capture" in 
which the texture of the high-pass targets was seen lying in the 
plane of the ports (this happened occasionally but less frequently 
for the other textures*). When this happened, the texture appeared 
either unfused, or else the ambiguity of the filtered textures 
permitted some incorrect binocular matches in the plane of the 
ports plus some rivalry. When the textures were fused properly, 
the circular ims of the ports fell outside Panum's fusional areas. 
This resulted in the two unfused rims combining to form the 
percept of an hourglass hape lying on its side. The unfused 
circular cusps at the centre of this shape proved a powerful 
stimulus to fusion, pulling the observer's fixation plane towards 
the apertures and breaking the fusion of the target textures. 
Rectangular apertures diminished this tendency, probably be- 
cause their horizontal edges were intrinsically ambiguous as far as 
stereo matching is concerned, hence providing no stimulus to 
fusion. The vertical edges of the rectangles obviously did provide 
a fusional cue but they fell in relatively peripheral vision when the 
observer fixated the centre of the textures, which may be the 
reason why they seemed less influential. The rectangular 
apertures also created a larger area of texture to be seen 
binocularly, further strengthening the fusional "power" of the 
texture targets in opposition to that of the port apertures. 
Moreover, the binocularly fused area was further enlarged by 
setting the widths of the rectangles to be 10 mm greater than the 
diameters of Enright's circular apertures. These various changes 
in the ports greatly diminished the incidence of "stereo capture" 
by the port edges without, as far as we can judge, any important 
consequences for the study of sequential stereopsis. Note that the 
separation of the two nearest points of the ports was kept the same 
as in Enfight's tudy, at 39 mm. 
2. The moveable target in Enright's experiment could move through 
a range of 7 cm (49-56 cm) compared with 10 cm here (49- 
59 cm). 
3. Three stationary target positions (52.5, 55.0 and 57.5 cm) were 
used here, as opposed to the four (between 50 and 55 cm) used by 
Endght. This was done to reduce session length and hence 
observer fatigue, while at the same time still having a sufficient 
number of different stationary positions to diminish the chances 
of observers learning what settings to make. We think the use of 
three stationary target positions was an adequate precaution, a
view confirmed by poor performance in the control conditions 
using monocular viewing. 
4. In Enfight's apparatus the movement of the moveable target was 
non-linearly related to the rotation of the observer's adjustment 
wheel. Also, to reverse its direction of movement this wheel had 
to be rotated about 30 deg before the direction of motion changed. 
The apparatus used here had a direct linear linkage between the 
adjustment knob and the target. However, the poor performance 
observed in the monocular control conditions uggests that our 
form of linkage offered no appreciable cues to facilitate accurate 
settings. 
5. The moveable and stationary targets always had the same texture. 
This contrasts with Enright's (1996) study which always used the 
random-dot matrix for the moveable target, so that sometimes the 
observer's task was to set the sandpaper and random-dot stimuli 
to equi-distance. Our critical conditions involved high-pass 
textures for which we wanted to measure disparity thresholds 
when the texture was below peripheral resolution threshold, 
regardless of which port was being viewed. This required both 
ports to have high-pass textures behind them, which is why the 
moveable and stationary targets always had the same texture type. 
6. Enright also used blocks of six settings, with two blocks per 
condition, but he had four stationary positions, producing 48 
settings for each condition. 
*Enright (personal communication) has not experienced this as a 
serious problem. Perhaps it might simply reflect individual 
differences related to oculomotor characteristics, uch that for 
our observers the edges of the viewing ports, relative to the plane of 
the textures, proved a powerful stimulus for convergent eye 
movements away from the fixation planes of the targets. 
